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The cover shows the ground and etched surface 
of a germanium single crystal as seen with the 
aid of an interference microscope. This photo- 
micrograph revealing imperfections within the 
crystal represents one of the many techniques 
currently used in the study of materials for semi- 
conductor devices. 
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The faceted geometrical forms in which many crys- 
tals, both natural and artificially grown, occur are 
familiar to most of us. The external symmetry of 
crystals suggests that the atoms which constitute 
them are also arranged in some definite pattern. Sup- 
pose, for instance, that the atoms of which the crystal 
is built up lie at the corners of a cube. If this elemen- 
tary cube is then repeated in three dimensions, it 
would, after many thousands of repetitions, build up a 
crystal large enough to be seen under a microscope or 
by the unaided eye. A perfect crystal would be one in 
which we would expect to find an atom at all the cor- 
ners of the cubes in the crystal. Experience, however, 
suggests that perfection is rarely achieved. Instead, 
one normally expects to find occasional corners where 
the atoms are either missing or have their places occu- 
pied by an atom of another species. Indeed, depending 
on the conditions under which the crystal grew, a 
group of atoms or a large section of a plane or sheet of 
atoms might be missing. As may be readily imagined, 
such disturbances in the lattice destroy its perfect 
regularity, and we may regard these areas of the 
crystal as being ‘“‘bad”’ regions. It is quite generally 
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Figure 1. Movement of an edge dislocation through a crystal. 


recognized that certain properties of crystals are 
extremely sensitive to the “bad” regions or imper- 
fections present in them. We shall confine our atten- 
tion here to one particular class of imperfections called 
dislocations. As we will explain later in somewhat 
greater detail, a dislocation in a crystal is formed 
when a section of a plane of atoms is missing. 

Before a detailed geometrical description is at- 
tempted, it is instructive to see how the idea of dislo- 
cations in crystals first originated. We know that most 
crystals will deform plastically when a suitable load or 
stress is applied. This process of deformation is very 
similar to that of sliding a pack of cards over one 
another, i.e., the erystal deforms by a sliding or gliding 
of the planes of atoms. It is evident that if the plane of 
atoms is to glide, the interatomic forces that bind it to 
the neighboring plane must be overcome. Since these 
interatomic forces were theoretically about a thousand 
times larger than the stresses actually required to 
deform the crystals, a serious discrepancy between 
theory and experiment confronted the scientist 25 
years ago. 

To resolve this dilemma, a completely new concept 
regarding the nature of plastic flow in crystals was 
necessary. In 1934 it was hypothesized that plastic 
flow in crystals occurs by the movement of disloca- 
tions. The simplest type of dislocation postulated may 
be visualized with reference to Figure 1. If a shearing 
force is applied to a crystal in the direction of the 
arrows, deformation may begin gradually over a part 
of the crystal. Over the left side of the crystal, AB, 
slip has occurred by one unit step. Since this slip step 
has not yet appeared on the right, it is obvious that 
the top half of the crystal will contain a plane of atoms 
BC not in registry with those below. The edge of the 
extra half plane (+ to the plane of the schematic) is 


called an edge dislocation. The movement of this extra 
half plane of atoms or dislocation line through the 
crystal will eventually, if it keeps moving, leave a step 
on the right hand side of the crystal, similar to that at 
A. Hence, if a dislocation is formed on one side of a 
crystal and moves all the way through it, the same 
result is achieved as if the two halves of the crystal 
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Figure 2. Etch pits at dislocations in germanium. 
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were to glide rigidly over one another. It may be shown 
that the stress required to move such a dislocation (at 
least in metals) is very small, so that plastic deforma- 
tion may be observed at stresses well below the theo- 
retical value. 

Until very recently, most of the evidence for dislo- 
cations was indirect, since techniques for the observa- 
tion of their detailed characteristics were lacking. 
However, in the last few years a very large body of 
information has accumulated to provide a sound ex- 
perimental verification of the theoretical hypotheses of 
dislocation theory. The semiconductor elements ger- 
manium and silicon have played an important role in 
this development, and it is with these that we will be 
mainly concerned here. 

One important technique for the observation of dis- 
locations arises from the action of suitable chemical 
solutions on polished crystal surfaces. When single 
crystals are etched in appropriate solutions, one may, 
under favorable circumstances, observe two distinct 
types of etch pits. One type is characteristic of the 
crystallographic nature of the plane under observation, 
and is generally a well defined geometrical figure, while 
the other is caused by linear imperfections present in 
the particular piece of material. 

Vogel and his co-workers were the first to notice a 
certain type of etch pit on germanium that did not 
behave in a manner similar to the characteristic etch 
figures. It was noticed, for instance, that pits of the 
type shown in Figure 2(a) preserved their geometrical 
arrangement even after the surface was ground off and 
re-etched, whereas the characteristic etch pits are 
random and cannot be followed through successive 
































etching. The inference from this is that the pits were 
due to some kind of linear imperfection running 
through the crystal. Figure 2(b) shows the manner in 
which pits due to dislocation lines may be observed on 
a crystal face. The lines running through the crystal 
represent dislocations. After suitable etching, pits are 
formed where the lines intersect the surface. Since the 
region around a dislocation line is highly strained or 
disturbed, it may be expected that this region will 
etch differently from other parts of the crystal where 
strains are considerably lower. If these pits are indeed 
due to dislocations, an array of this type shown in 
Figure 2(a) should result in a low angle boundary 
where the two parts of the crystal are slightly tilted 
with respect to each other. As shown schematically in 
Figure 3, an array of dislocations accommodates the 
misfit in the region where the two crystals me>’. For 
small angles of tilt, @ equals b/D (Burgers forr-ula), 
where b is the interatomic distance and D the distance 
between the dislocations. By measuring the distance 
between etch pits such as shown in Figure 2 and by 
measuring the angle of tilt between the two parts of the 
crystal by x-ray methods, close agreement was ob- 


Figure 3. Burgers model of a low angle boundary. 
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Figure 1. Movement of an edge dislocation through a crystal. 
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half plane of atoms or dislocation line through the 
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Figure 2. Etch pits at dislocations in germanium. 








were to glide rigidly over one another. It may be shown 
that the stress required to move such a dislocation (at 
least in metals) is very small, so that plastic deforma- 
tion may be observed at stresses well below the theo- 
retical value. 

Until very recently, most of the evidence for dislo- 
eations Was indirect, since techniques for the observa- 
tion of their detailed characteristics were lacking. 
However, in the last few years a very large body of 
information has accumulated to provide a sound ex- 
perimental verification of the theoretical hypotheses of 
dislocation theory. The semiconductor elements ger- 
manium and silicon have played an important role in 
this development, and it is with these that we will be 
mainly concerned here. 

One important technique for the observation of dis- 
locations arises from the action of suitable chemical 
solutions on polished crystal surfaces. When single 
crystals are etched in appropriate solutions, one may, 
under favorable circumstances, observe two distinct 
types of etch pits. One type is characteristic of the 
crystallographic nature of the plane under observation, 
and is generally a well defined geometrical figure, while 
the other is caused by linear imperfections present in 
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Vogel and his co-workers were the first to notice a 
certain type of etch pit on germanium that did not 
behave in a manner similar to the characteristic etch 
figures. It was noticed, for instance, that pits of the 
type shown in Figure 2(a) preserved their geometrical 
arrangement even after the surface was ground off and 
re-etched, whereas the characteristic etch pits are 
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etching. The inference from this is that the pits were 
due to some kind of linear imperfection running 
through the crystal. Figure 2(b) shows the manner in 
which pits due to dislocation lines may be observed on 
a crystal face. The lines running through the crystal 
represent dislocations. After suitable etching, pits are 
formed where the lines intersect the surface. Since the 
region around a dislocation line is highly strained or 
disturbed, it may be expected that this region will 
etch differently from other parts of the crystal where 
strains are considerably lower. If these pits are indeed 
due to dislocations, an array of this type shown in 
Figure 2(a) should result in a low angle boundary 
where the two parts of the crystal are slightly tilted 
with respect to each other. As shown schematically in 
Figure 3, an array of dislocations accommodates the 
misfit in the region where the two crystals meet. For 
small angles of tilt, @ equals b/D (Burgers formula), 
where b is the interatomic distance and D the distance 
between the dislocations. By measuring the distance 
between etch pits such as shown in Figure 2 and by 
measuring the angle of tilt between the two parts of the 
crystal by x-ray methods, close agreement was ob- 


Figure 3. Burgers model of a low angle boundary. 
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b. after deformation 


Figure 4. Germanium crystal 


tained between the angle calculated from Burgers 
formula and the angle measured by x-rays. 

Additional evidence that etch pits are due to dislo- 
cation can be obtained from germanium and silicon 
crystals subjected to plastic deformation. In order to 
account for the large amount of slip observed on the 
active slip planes of deformed crystals, dislocation 
theory postulates the operation-of a multiplication 
mechanism by means of which large numbers of dis- 
locations are produced during deformation. Many of 
these will pass out of the crystal, resulting in observa- 
ble slip lines or steps on the crystal surfaces. (See 
Figure 4.) However, a large number will be trapped in 
the deformed crystal and should be observable as etch 
pits along the slip lines. The density of the etch pits 
(as revealed by counting at high magnification) is 
found to be about three orders of magnitude greater 
than the density observed in the same crystal before 
deformation. 

Quantitative measurements on the number of dis- 
locations introduced by deformation may best be 
accomplished by plastic bending. A simple formula, 
N = 1/Rb, derived on the basis of a model in which 
dislocations of the same sign give rise to bending, 
shows the theoretical relation between the number of 
dislocations, N, introduced into a bent sample as a 
function of the radius of curvature, R, where b is 
Burgers vector or the interatomic distance. We notice 
that as the radius of the bend gets smaller, the number 
of dislocations in the sample rapidly increases. If now 
by bending suitably oriented crystals to different radii 
of curvature, we obtain the type of dependence of dis- 
location density with radius predicted by the formula, 
we may consider this as good statistical proof that the 
pits observed are in fact due to dislocations. 

To verify the bending formula, however, it was first 
found necessary to anneal the deformed sample so 
that the macroscopic internal stresses introduced after 
deformation are removed. In general, it was noticed 
that the average dislocation density was higher than 
the predicted values after deformation, and it was 
only after prolonged annealing at elevated tempera- 
tures that the density was reduced and the theoretical 
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values approached. The etch pit configuration on a 
bent silicon crystal before and after annealing is shown 
in Figures 5 (a) and (b). The decrease in density after 
annealing is noticeable. One can also see that the pits 
in the annealed sample are now lined up perpendicular 
to the original slip lines. This illustrates the phenom- 
enon known as polygonization which occurs simply 
because the energy of the array shown in Figure 5 (b) 
is less than the one in Figure 5 (a). 

The etch pit technique for observing dislocations is, 
however, by its very nature limited. For instance, it 
tells us only where the line of the dislocation intersects 
a surface; it does not tell us what the geometry of this 
line is inside the crystal. For this, one has to look into 
the interior of the crystal itself. In transparent crystals 
this is possible by ordinary light microscopy, and early 
investigators did observe networks of dislocation lines 
in silver bromide crystals. 


Figure 5. Etch pits 
in bent silicon 




































For silicon, which is opaque to ordinary light, but 
transparent to infrared, this type of observation would 
be possible if a means could be devised for observing 
the transmitted infrared radiation. Such observations 
were first made by Dash, who used an infrared image 
converter tube, commonly referred to as a snooper- 
scope, to actually observe the interior of silicon. The 
scheme of observation is shown in Figure 6. Infrared 
radiation is transmitted through silicon, and the 
transmitted s beam is collected by the microscope 
objective. Instead of an eyepiece, one uses an image 
converter tube, which converts the infrared image to 
one that is visible to the human eye. Dislocations 
would still not be visible if an untreated piece of silicon 
were observed under an infrared microscope. Dash, 
however, has shown that by diffusing the samples 
with copper at an elevated temperature and queneh- 

































































Figure 6. Method of examining 
silicon crystals by transmitted 
infrared. 





Figure 7. Copper 
precipitation at 
dislocations in 
silicon. 


ing, dislocation lines can be revealed because the 
copper, which is opaque to infrared, precipitates on 
them in a preferential manner, and so delineates them. 

Figure 7 shows a pattern of lines observed on an 
“as grown”’ crystal of silicon. The patterns shown are 
dislocation loops that are formed during the actual 
growth of the crystal. As can be readily seen, the 
technique is a powerful one for investigating the way 
in which dislocations may be introduced during crystal 
growth, or after plastic deformation. Unfortunately, 
transmission in germanium begins further out into the 
infrared (1.8 microns), and there are no simple meth- 
ods for the direct observation of the interior of a 
germanium sample. 

One of the interesting facts emerging from these 
studies on semiconductors is that the density of dis- 
locations in carefully grown crystals is surprisingly 
low, being of the order of 104 dislocations/cm? or less. 
This is four orders of magnitude smaller than the 
estimate of 10° dislocations/cm? arrived at indirectly 
from an analysis of the mechanical properties of an- 
nealed metal crystals. X-ray measurements of such 
germanium crystals also show that the perfection is 
indeed closely approximated. However, although the 
number of these imperfections is comparatively small, 
their effects on the electrical properties of semicon- 
ductors are quite marked. It has been shown in ger- 
manium that varying the dislocation density affects 
the “lifetime” (the time during which minority car- 
riers exist before they recombine with carriers of the 
opposite sign). Indeed, a small increase in dislocation 
density may reduce the lifetime to a negligible value. 
Low angle boundaries of the kind shown in Figure 3 
are also to be avoided because of their own deleterious 
effects on device fabrication during etching and 
alloying. 

While the visual observation of etch pits has aided 
greatly in the study of the effects of dislocations on 
electrical properties, our understanding of these is far 
from complete. Many of these results are fairly recent 
and much work remains to be done. Such studies, 
however, have not only aided our understanding of the 
effect of dislocations on semiconductors, but should 
permit us to further our understanding of these effects 
in other materials as well. 
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In the first article of this series (Jan., 1958; Vol. II, 
No. 4), the origin, nature and subject matter of 
patents were discussed. This article will consider some 
of the more important legal requirements which must 
be satisfied in order to obtain a valid patent. 

An idea falling within one of the classes of patenta- 
ble subject matter referred to in the earlier article 
(i.e. a process, machine, manufacture or composition 
of matter) must, in addition, possess three attributes 
—novelty, utility and invention. 

The patent statutes passed by our Congress do not 
completely define these attributes. While they are 
required, there has been no prescription of standards 
for determining their presence or absence; it has been 
left to the Courts so to prescribe. The standards of 
patentability are, therefore, the result of a develop- 
ment dictated by what the Courts have considered to 
be in the best interests of the public in the light of the 
times. 

This may seem to be a rather haphazard method of 
building the ground rules for patents, a type of prop- 
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erty which plays such an important role in our system 
of free enterprise. However, its inherent flexibility 
assures the avoidance of the stilted and static condi- 
tions which often result from unyielding codification of 
the law. 

In his work entitled ‘‘The Common Law,” Oliver 
Wendell Holmes, Jr. has stated—‘‘ The life of the law 
has not been logic; it has been experience. The felt 
necessities of the time, the prevalent moral and politi- 
cal theories, intuitions of public policy, avowed or 
unconscious, even the prejudices which judges share 
with their fellow men, have had a good deal more to 
do than the syllogism in determining the rules by 
which men should be governed.”’ 

Indeed, this is the very basis of the evolution of 
American and British common law. The concensus 
of legal opinion is that our Congress acted wisely in 
retaining sufficient flexibility in our patent law to per- 
mit the application of current judicial thinking to the 
difficult task of determining the standards of patent- 
ability. As may be expected, these standards are not 
hard and fast. 








A few examples of the result of judicial interpreta- 
tion of our Patent Statute are set forth below. 


Novelty 


One of the Sections of this Statute (35 U. S. Code 
101) states that whoever invents or discovers any new 
and useful process, ete.—may obtain a patent there- 
for. The word “new,” as used in this Section of the 
Statute, is partially defined in another Section (35 
U. S. Code 102). The latter states that a person is en- 
titled to a patent unless the invention was known or 
used by others in this country, or patented or described 
in a printed publication in this or a foreign country, 
before the invention thereof by the applicant for patent. 

Thus, an invention is not new if it was known or 
used by others in the United States before the inven- 
tion date of the person attempting to patent it. For 
example, A conceives of an idea and reduces it to prac- 
tice by building and successfully testing a working 
embodiment. Fellow-workers know of this. For finan- 
cial reasons, A does not commercially exploit his idea 
or seek a patent. At a later date, B independently 
conceives of the same idea and proceeds to obtain a 
patent thereon. In subsequent litigation, A’s work is 
brought to light and as a result, B’s patent is held to 
be invalid on the ground that he is not the first in- 
ventor. Note that A did not patent his idea and B was 
completely unaware of it. In spite of these cireum- 
stances, B’s idea was not, in fact, new, and the provable 
prior work of a single person, A, was sufficient to de- 
feat B’s patent. However, if B could have proved that 
A actually had abandoned his work, for example, by 
showing lack of use over a long period of time, A’s 
work would have been considered an abandoned ex- 
periment. This would not constitute a valid anticipa- 
tion and B would have prevailed. 

Let us consider a case involving foreign knowledge 
and use. A makes and uses an invention abroad. An 
American, traveling in A’s country, learns of the in- 
vention and upon returning to the United States, 
reports it to an engineering society which publishes 
an article on it. B, without knowledge of this foreign- 
made invention, makes the same invention after it 
was known abroad and then files a patent application 
on it a few days after the publication in the United 
States. Evidence of the foreign invention is offered at 
a subsequent trial involving B’s patent, but the patent 
is held valid. Insofar as the American patent law is 
concerned, B’s invention is new. Of course, if A’s in- 
vention had been patented or described in a printed 
publication abroad before B’s actual date of invention, 
the result would have been different. 

Some examples of printed publications are a type- 
written thesis available in a college library, a trade 
circular, an unclassified Government publication, an 
article in a domestic or foreign scientific journal, a 
textbook and printed patents. The effective date of a 


printed publication is the date on which it becomes 
available to the public. A classified printed document 
is not considered by the Patent Office to be an effective 
prior publication as of its printing or limited distribu- 
tion. Insofar as this tribunal is concerned, the effective- 
ness of such a document must await its declassification 
or general distribution. Since this question has not 
yet been presented to the Courts, it cannot be con- 
sidered as finally resolved. An oral presentation of an 
invention, to an engineering society, for example, is 
not, for the purposes of the Statute under considera- 
tion, a publication. Nor can an abandoned application, 
which is not subsequently published, be urged as a 
reference against a later inventor inasmuch as patent 
applications are maintained m secrecy in the Patent 
Office. 

The previously referred to Section of the Statute 
dealing with novelty further states that a person is 
entitled to a patent unless the invention was patented 
or described in a printed publication in this or a 
foreign country, or in public use or on sale in this coun- 
try, more than one year prior to the date of the application 
for patent in the United States. 
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An advertisement describing an invention more 
than a year before the filing date of a patent applica- 
tion will defeat any patent granted on that application. 
It has been held that a foreign patent actually granted 
is effective for the above purpose as of its date of grant 
even though the patent is not made available to the 
public until some months subsequent to the date of 
grant. 

Proof of a single public use occurring more than a 
year prior to the filing of a patent application is suffi- 
cient to invalidate any patent granted on said applica- 
tion. The number of people observing or participating 
in this use is of no importance as long as it is actually 
of a public nature as distinguished from a private or 
confidential showing. 

Experimental work, even for an extended period of 
time, is not a disqualifying public use. A use hidden 
from the public, but carried on competitively for the 
financial gain of the user, will be considered public. 

An offer to sell an existing article to the public more 











than one year prior to filing a patent application on 
that article constitutes a bar to the granting of a valid 
patent, whether or not such articles have actually 
been sold. 

Although additional portions of the Statute bear 
upon the question of novelty, the foregoing discussion 
treats only those which are the most significant. 

Utility 

The Section of the Statute which recites the patenta- 
ble classes of inventions (35 U. S. Code 101) states 
that the invention must. not only be new, but must be 
useful as well. Although the Statute does include a 
partial definition of novelty, it is silent insofar as a 
definition of utility is concerned. It is therefore neces- 
sary to look entirely to the Courts for this criterion. 

The utility required by the Statute does not mean 
commercial utility. If an invention will operate to 
perform the functions and secure the results intended, 
it has utility. 

However, utility is negated if the use of the inventor 
is necessarily contrary to law, moral principles or 
public policy. 

A patent covering the artificial spotting of tobacco 
leaves to counterfeit spotting by nature was held to be 
invalid. By way of contrast, the fact that an invention 
has been used for improper purposes does not neces- 
sarily render the invention unpatentable if it is capable 
of a beneficial use. 

A patent, covering an invention which is inoperative 
as disclosed but which can be made operative by an 
obvious alteration, is not invalid. If, however, a second 
invention has to be made in order to correct the defect 
in the first, the patent on the latter is invalid. 

Perpetual motion machines are not patentable, nor 
are any machines which cannot be demonstrated to be 
useful by known scientific principles. But mere inefi- 
cient functioning of an invention will not result in 
invalidity. 

A person urging lack of utility against an invention 
covered by a United States patent has a great burden 
to sustain. The Courts are inclined to be lenient to- 
ward the inventor in such instances. If the invention 
can reasonably be shown to function for a useful pur- 
pose, the patent will be upheld. 


Invention 


The same Section of the Statute which states that 
an invention must be new and useful (35 U. S. Code 
101) requires a person seeking a patent to have in- 
vented or discovered the idea for which the patent is 
sought. 

Just as the word “‘new”’ is partially defined in the 
Statute (35 U.S. Code 102), another Section attempts 
to provide a legislative definition, a negative defini- 
tion, of invention (35 U. S. Code 103). The latter 
states that even a new idea is not an invention if the 


difference between it and the prior art is such that the 
idea would have been obvious at the time of its con- 
ception to a person having ordinary skill in the art to 
which the idea relates. It should be noted that this 
‘“‘definition’”’ is merely a restatement of many years of 
judge-made law. 

Thus, like the phrase ‘‘new and useful,’”’ the phrase 
“invents or discovers’”’ has a connotation to the 
Patent Law which is different from its literal meaning 
to the laymen. 

It is clear that the statutory definition is neither 
complete nor objective; it is necessary to examine the 
adjudicated cases in considering given situations. 
Even there, no consistent criteria have been pro- 
nounced by which to determine whether or not the 
conception of a particular device involved the exercise 
of the inventive faculty. 

One of our leading jurists, Judge Learned Hand, has 
said—‘‘An invention is a new display of ingenuity 
beyond the compass of the routineer, and in the end 
that is all that can be said about it.’’ A year earlier, 
the same Judge said—‘‘ The prospect of getting objec- 
tive tests for invention is tempting, but it is a mirage. 
How is it possible to say a priori what combination of 
elements needs an original twist of the mind, and what 
is within the compass of the ordinary clod?” 

The making of an invention involves a dual mental 
process—the recognition of a problem and a concep- 
tion of its solution—and the determination of the 
presence or absence of invention in the conduct of this 
process is completely subjective. Indeed, one Court 
may feel that an idea coming before it is brilliant; 
another might consider the same idea quite prosaic. 

Some Courts have expressed affirmative rules for 
determining this question; others have found it more 
expedient to take a negative approach by saying, like 
the Statute, what is not invention. 

In concluding this article, some examples of both of 
these approaches are set forth. 

The solution of a long-standing problem is some 
indication of the presence of invention. So, too, is com- 
mercial success, which may be evidenced by wide- 
spread imitation or extensive licensing of the competi- 
tion. The taking of a final step which turns failure into 
success is indicative of invention. A new combination 
of old elements which coact to produce a new and use- 
ful result is an invention; the same is true of an achieve- 
ment which is outstanding as compared with what 
went before. 

An aggregation of elements which, together, produce 
a result which is no more than the sum of the effects of 
the individual elements is not an invention; also, in 
the absence of a new and unexpected result, changes in 
size or form, a reversal of the arrangement of parts, the 
substitution of one material for another, the duplica- 
tion of parts or the making in one part what previously 
had required several parts, are not inventions. 
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Shown above is the patent for a Raytheon sub- 
miniature pentode tube of the flat-bulb filamen- 
tary-cathode type. Such a tube is used where 
space is at a premium, in hearing aids or pocket 
radios for example. The tube itself should there- 
fore make the most efficient possible use of the 
electrode space available within the bulb. This is 
accomplished by employing one of its electrodes, 
the filamentary-cathode, to electrically connect 
spaced sections of another of its electrodes, the 
suppressor (or third) grid. 


The tube is novel in that no one had previously 
employed a filamentary-cathode to electrically 
connect spaced sections of a suppressor grid struc- 
ture, (otherwise insulated from each other). 

The tube possesses utility by virtue of the space 
saving resulting from this novel structure. 

The tube is an invention because at the time of 
its conception, it was not obvious that a substan- 
tial saving in space could be effected by the in- 
ventor’s seemingly simple suggestion. 
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ON THE INLAND WATERWAYS 


C. O. Iselin 


Commercial Equipment Division 


Maritime navigation was one of the first commercial 
applications of radar after World War II. Raytheon’s 
achievements in developing and supplying marine 
radar to the government during the war put the 
company in an excellent position to enter this new 
and promising commercial field. The early Raytheon 
equipment operated on a wavelength of 10 centimeters 
(S-Band) based on Raytheon's analysis of the relative 
merits, under ocean conditions, of the 3 and 10 centi- 
meter bands allocated for marine navigation by the 
FCC. The correctness of this analysis was borne out 
by Raytheon’s early leadership in the field of ocean- 
going navigational radar. Over the years since 1946 
Raytheon has maintained that leadership through 
such advances as: the first sixteen-inch indicator 
(introduced with the Model 1400 Mariners Paru- 
FINDER*), the first reflection plotter, the first twelve 
foot S-Band antenna, the first main bang suppression 
receiver and many other improvements and inven- 
tions in components, circuits and equipment. 

Today, marine radar is being applied in a new area, 
inland waterways. New industry attracted by the 
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possibilities of cheap transportation and by an ample 
water supply is crowding the river banks. Any point 
along the river appears to offer a potential site for a 
new power company, refinery, chemical plant or the 
like. As a result, every day many tow boats, small in 
size but equipped with immense engines, push thou- 
sands of tons of coal, steel, grain and general merchan- 
dise up and down the Mississippi and its tributaries. 
An integrated “tow”? may consist of 20 to 40 fully 
loaded barges linked together. the whole being about 
1300 feet long. 

The tow boat itself represents an investment of 
several millions of dollars, primarily in mechanical 
equipment. In order to push such immense cargoes in 
such shallow water, hull and propeller design get very 
complicated. Engines must be large. Not uncommon 
on the river are 5700 horsepower engines packed into 
a 200 foot boat and driving 4 propellers. Nor is it 
strange to see a large tow boat working upstream 
straining so hard that the water level is a foot lower at 
the bow than at the stern. 

The large equipment investment requires that the 





towing operator keep his vessels going continuously. 
As if navigation by night and in fog were not hazard- 
ous enough, the river pilot has additionally to contend 
with low and narrow bridges, small locks and changing 
channels. The modern “ Mark Twain” has learned to 
rely on radar as an indispensable tool in handling 
these difficulties. Remember, he is trving to navigate 
his ‘“vessel,’’ which may be longer than the Queen 
Mary and wider than many tankers, through pas- 
sages that sometimes leave only inches to spare, and 
all this in a swift current and without the aid of tugs. 
His radar must show him, in the greatest possible 
detail. lock gates opening ahead of his tow, clear- 
ances between buoys, bridges and piers, and other 
tows trying to pass in narrow channels. 

Equipment for river navigation demands sharp 
azimuth definition. Narrow beam widths open up the 
river ahead of the pilot and allow him to see on his 
radar screen the thin lines of water between the bow 
of his tow and a looming bridge, pier or lock wall. A 
beam width of 0.65° with well controlled side lobes is 
obtained by going to X-Band (3 centimeters) and 
making the antenna sufficiently long (12 feet). (As 
was mentioned, S-Band proved better for minimized 
interference from sea-return and driving rains: these 
conditions are not as bothersome on inland waters and 
so the advantages of the higher frequencies to obtain 
better definition can be emphasized.) By switching to 
a slotted wave guide array for the antenna, several 
immediate advantages are realized. In the first place. 
the vertical beam -pattern is controlled, thereby in- 
creasing buoy definition. Secondly, by eliminating 
back lobes or back radiation. false targets from hills 
and buildings that would tend to confuse the operator 
are completely removed. 

During the last few vears there has been consider- 
able discussion ef the value of being able to operate 
the radar such that returns can be received from 
objects only 12 yards from the antenna. This possi- 










bility has been brought about by the engineering 
advances which have been made, permitting the use 
of very short pulse lengths (0.5 microseconds), wide- 
band, low-noise IF strips, and fast transmit-receive 
duplexing systems. Since large tows or large ocean- 
going vessels are far from maneuverable, however, 
the advantages of this feature are questionable to say 
the least. Certainly, objects 12 yards ahead of the 
radar cannot be avoided, especially if the tow is 400 
yards long. To give any degree of maneuverability it 
is necessary for these towing vessels to have as many 
as 8 rudders, and even then maneuverability is not 
much better than it was with the old 47,000 ton 
Leviathan. 


The captain of that famous ship was once asked 
how far apart two ships of the Leviathan’s vintage 
and size, traveling full speed directly at each other, 
would have to start altering course to avoid a collision. 
He replied that even at the relatively slow speeds 
they could travel in those days, both ships would have 
to put their helms hard over when they were at least 
two miles apart. Even today, with the aid of many 
improvements in hull and rudder design, the captain 
of a large ship does not consider passing within a 
mile of another ship as safe. All these conditions are 
assuming of course that both vessels are traveling at 
optimum speed to take full advantage of their rudders. 
Imagine the problem of navigating a similar ship in 
close quarters with barely enough forward movement 
to insure steerage way, the exact conditions under 
which river tows must work all the time. 


As has been shown, therefore, the problems unique 
to river navigators, especially the requirements for 
exceptional azimuth definition, make it necessary to 
utilize a radar developed especially with these require- 
ments in mind. To solve these many problems, Ray- 
theon has designed a new radar, the Pathfinder 1405, 
specifically for inland-water navigation. 
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A Slotted Waveguide Antenna. 
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Maritime navigation was one of the first commercial 
applications of radar after World War II. Raytheon’s 
achievements in developing and supplying marine 
radar to the government during the war put the 
company in an excellent position to enter this new 
and promising commercial field. The early Raytheon 
equipment operated on a wavelength of 10 centimeters 
(S-Band) based on Raytheon’s analysis of the relative 
merits, under ocean conditions, of the 3 and 10 centi- 
meter bands allocated for marine navigation by the 
FCC. The correctness of this analysis was borne out 
by Raytheon’s early leadership in the field of ocean- 
going navigational radar. Over the years since 1946 
Raytheon has maintained that leadership through 
such advances as: the first sixteen-inch indicator 
(introduced with the Model 1400 Mariners Patu- 
FINDER"), the first reflection plotter, the first twelve 
foot S-Band antenna, the first main bang suppression 
receiver and many other improvements and inven- 
tions in components, circuits and equipment. 

Today, marine radar is being applied in a new area, 
inland waterways. New industry attracted by the 


*Reg. U.S. Pat. Off. 


10 






possibilities of cheap transportation and by an ample 
water supply is crowding the river banks. Any point 
along the river appears to offer a potential site for a 
new power company, refinery, chemical plant or the 
like. As a result, every d#Y°many tow boats, small in © 
size but equipped with immense engines, push thou- 
sands of tons of coal, steel, grain and general merchan- 
dise up and down the Mississippi and its tributaries. 
An integrated “tow” may consist of 20 to 40 fully 
loaded barges linked together, the whole being about 
1300 feet long. 

The tow boat itself represents an investment of 
several millions ofsdollars, primarily in mechanical 
equipment. In order to push such immense cargoes in 
such shallow water, hull and*propeller design get very 
complicated. Engines must be large. Not uncommon 
on the river are 5700 horsepower enginés~packed into 
a 200 foot boat and driving 4 propellers. Nor is it 
strange to see a large tow boat working upstream 
straining so hard that the water level is a foot lower at 
the bow than at the stern. 

The large equipment investment requires that the 





() 


towing operator keep his vessels going continuously. 
As if navigation by night and in fog were not hazard- 
ous enough, the river pilot has additionally to contend 
with low and narrow bridges, small locks and changing 
channels. The modern ‘‘ Mark Twain” has learned to 
rely on radar as an indispensable tool in handling 
these difficulties. Remember, he is trying to navigate 
his ‘‘vessel,’”’ which may be longer than the Queen 
Mary and wider than many tankers, through pas- 
sages that sometimes leave only inches to spare, and 
all this in a swift current and without the aid of tugs. 
His radar must show him, in the greatest possible 
detail, lock gates opening ahead of his tow, clear- 
ances between buoys, bridges and piers, and other 
tows trying to pass in narrow channels. 

Equipment for river navigation demands sharp 
azimuth definition. Narrow beam widths open up the 
river ahead of the pilot and allow him to see on his 
radar screen the thin lines of water between the bow 
of his tow and a looming bridge, pier or lock wall. A 
beam width of 0.65° with well controlled side lobes is 
obtained by going to X-Band (3 centimeters) and 
making the antenna sufficiently long (12 feet). (As 
was mentioned, S-Band proved better for minimized 
interference from sea-return and driving rains; these 
conditions are not as bothersome on inland waters and 
so the advantages of the higher frequencies to obtain 
better definition can be emphasized.) By switching to 
a slotted wave guide array for the antenna, several 
immediate advantages are realized. In the first place, 
the vertical beam pattern is controlled, thereby in- 
creasing buoy definition. Secondly, by eliminating 
back lobes or back radiation, false targets from hills 
and buildings that would tend to confuse the operator 
are completely removed. 

During the last few years there has been consider- 
able discussion of the value of being able to operate 
the radar such that returns can be received from 
objects only 12 yards from the antenna. This possi- 


bility has been brought about by the engineering 
advances which have been made, permitting the use 
of very short pulse lengths (0.5 microseconds), wide- 
band, low-noise IF strips, and fast transmit-receive 
duplexing systems. Since large tows or large ocean- 
going vessels are far from maneuverable, however, 
the advantages of this feature are questionable to say 
the least. Certainly, objects 12 yards ahead of the 
radar cannot be avoided, especially if the tow is 400 
yards long. To give any degree of maneuverability it 
is necessary for these towing vessels to have as many 
as 8 rudders, and even then maneuverability is not 
much better than it was with the old 47,000 ton 
Leviathan. 


The captain of that famous ship was once asked 
how far apart two ships of the Leviathan’s vintage 
and size, traveling full speed directly at each other, 
would have to start altering course to avoid a collision. 
He replied that even at the relatively slow speeds 
they could travel in those days, both ships would have 
to put their helms hard over when they were at least 
two miles apart. Even today, with the aid of many 
improvements in hull and rudder design, the captain 
of a large ship does not consider passing within a 
mile of another ship as safe. All these conditions are 
assuming of course that both vessels are traveling at 
optimum speed to take full advantage of their rudders. 
Imagine the problem of navigating a similar ship in 
close quarters with barely enough forward movement 
to insure steerage way, the exact conditions under 
which river tows must work all the time. — 


As has been shown, therefore, the problems unique 
to river navigators, especially the requirements for 
exceptional azimuth definition, make it necessary to 
utilize a radar developed especially with these require- 
ments in mind. To solve these many problems, Ray- 
theon has designed a new radar, the Pathfinder 1405, 
specifically for inland-water navigation. 








A Slotted Waveguide Antenna. 














Radar Doppler | 


Pitch of sound to an ob- 
server when either thesseurce of the sound or the 
observer move with respeg one another is an old 
familiar demonstratioR_of the Doppler effect. The 
change in pitch of a locomotjve bell or whistle as it 
passes an observer dengOnstrates the case of the mov- 
ing source; the same sort Ofpkenomenon is noticed by 
the observer riding i rain as he listens to the 
stationary warning be railroad crossing. The 
apparent change in wavygle of light received from 
the stars has been usedto measure the speed with 
which the distance betweegHhe earth and a star is 
changing. All of these @servable results, whether they 
are obtained through precfyely the same physical 
phenomena or not, been labeled the Doppler 
effect—the apparent chalpejn frequency of a signal 
when the source and er are approaching or 
receding. 

If a radio transmitter-recéiver is mounted in an 
aircraft and a directi€gal-antenna is pointed at the 
ground over which the aircr}ft is flying, a difference 
frequency will exist bgetWeen the transmitted and re- 
ceived signals. This diffe e or Doppler frequency is 
a function of the transmpitterfrequency, the velocity of 
the aircraft, and the anbtehetween the aircraft velocity 
vector and the antenna beg. A simple single beam 
radar, however, cann@t by itself determine all the 
factors required to solve th€Ypavigation problem. For 
instance, a simple-antg adar system which detects 
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only the component of aircraft velocity along the an- 
tenna axis cannot distinguish between the velocity 
components due to vertical, lateral, and longitudinal 
velocities of the aircraft—it can indicate only the 
component of the total aircraft velocity along the 
antenna beam. By utilizing more than one antenna 
beam more information may be obtained. 

Three unknowns contribute to the total aircraft 
velocity vector; the longitudinal, lateral, and vertical 
components. Most often these three velocities con- 
tribute simultaneously. A measure of two of these 
velocities, the longitudinal and lateral, are minimum 
requirements for a navigation system to determine the 
rate of translation of an aircraft over the surface of the 
earth. The third or vertical velocity of the aircraft is 
also important, but is not an absolute necessity in a 
simple navigation system that merely provides ground 
speed and drift angle. A pilot may have considerable 
difficulty discerning whether his destination is right, 
left, in front, or behind. He is reasonably assured, 
however, that his destination is somewhere below the 
aircraft. It is true that during conditions of poor 
visibility, there may be some concern in this regard, 
but present day radar altimeters present the necessary 
information and could indicate the rate of change of 
altitude if required to do so. Doppler radars can, and 
some do, solve for the vertical velocity of the aircraft, 
but three separate and independent measurements of 
velocity are required to accomplish this. 

The simplest means of measuring longitudinal and 
transverse velocities would be to orient two antenna 
beams so that their axes are at right angles in the 
horizontal plane of the aircraft and with one beam 
directed along the longitudinal axis of the aircraft. If 
this were practical, the individual antennas would, in 
normal flight, measure the forward and sideward 
velocities of the aircraft. However, if this configura- 
tion were attempted, the narrow antenna beams 
required for reasonably accurate measurement of the 


the horizontal plane and when this is done, both an- 
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tennas measure a component of the vertical velocity 
in addition to measuring the desired velocity. Other 
factors usually lead to an antenna configuration dif- 
fering from the simple one described above. 

Since the contribution of vertical velocity of the 
aircraft will appear in the individual Doppler fre- 
quencies when the antennas are depressed from the 
horizontal, it becomes necessary to remove this com- 
ponent by taking enough independent measurements 
of velocity for the solution of an equation with three 
unknowns. This can be accomplished entirely with 
Doppler techniques by utilizing a minimum of three 
antenna beams. It can also be accomplished with the 
use of two antennas and a separate source of velocity 
measurement such as vertical velocity obtained from 
an altimeter. Four beams are sometimes used but pro- 
vide redundant information which contributes little, if 
anything, to the solutions. The measurements of the 
three (or two) bits of velocity information are not 
required simultaneously, but within a period of time 
limited only by the maximum rate of change of the 
total velocity vector of the aircraft and the intended 
use of the velocity information. 

If three beams are utilized and are directed as 
shown in Figure 1, the equations that must be solved 
by the navigation system in obtaining the aircraft 
component velocities from the antenna velocities or 
Dopplers are: 

Longitudinal Velocity, Vi = (|D2| — |Ds\)A 

4 cos a cos y 

Transverse Velocity, Vy = (|De| — |Dil)A 

4 sin a cos y 

Vy = ({Di| + |Dsl)a 

4 sin y 
where |D,|, |D2|, |D3| are the absolute values of the 
Doppler frequencies along the respective antenna 
beams as shown in the figure. 

\ is the wavelength of the transmitted energy. 

a is the angle (in a horizontal plane) of each beam 
with respect to the longitudinal axis of the air- 
craft, and 

7 is the angle of each antenna beam with respect to 
this plane. 
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Figure 1. Doppler Radar Antenna Beam Geometry. 


Once the longitudinal, transverse, and vertical (if 
used) velocities are known, the major needs of a navi- 
gation system are available. To complete the navigator 
function it is only necessary to resolve the aircraft 
velocities into the particular coordinate system de- 
sired. The simplest navigator need only resolve the 
aircraft longitudinal and transverse velocities into a 
velocity vector along the ground. This data is essen- 
tially the ground track and speed of the aircraft and 
could be displayed on a simple instrument indicating 
the actual travel along the ground. By comparing this 
data with the airspeed indicator, the wind speed and 
direction could be approximated and by simple dead 
reckoning techniques, the pilot may determine the 
heading required to reach his destination, and how 
long he must fly to get there. 

A more elaborate Doppler navigator can provide an 
indicator which displays the position of the aircraft in 
the desired coordinate system. In this type of equip- 
ment it is not only necessary to resolve the aircraft 
velocity vector into forward and sideward speeds along 
the ground, but it must convert these speeds into 
North-South and East-West coordinates (or into any 
other coordinate system, depending on the type head- 
ing reference used), and integrate these velocities to 
determine present position. This leads to a basic 
limitation of Doppler navigators—that the system 
must be ‘‘tied to the earth,” the radar portion being 
capable only of determining the relative velocity com- 
ponents of the vehicle, and cannot by itself relate 
these components to positions or directions with 
respect to the earth. 

A simplified block diagram of a Doppler navigation 
system is presented in Figure 2. The choice of equip- 
ment required and the particular techniques used are 
affected heavily by the type of aircraft in which it is 
desired to install the navigator and the ultimate re- 
sults required of the system. 

Many factors, such as frequency, stability and 
power output, must be considered in the selection of 
an R.F. power source (or transmitter). A transmitter is 
chosen which is in the microwave region since for air- 
craft application usually a bare minimum of skin area 
is available for installation of antennas and, since 











narrow antenna beams are desired, the higher the fre- 
quency of the transmitter the narrower the antenna 
beams for the same aperture area. There are other im- 
portant factors which affect the selection of the 
transmitter, such as the variation of reflection proper- 
ties of the land and water and the variation of weather 
effects on propagation for different frequencies. Be- 
cause of the dependence of the Doppler frequency on 
transmitter wavelength, the transmitter must have 
good frequency stability, even under the adverse en- 
vironmental conditions prevalent in most aircraft. 

For the optimum system the designer must also 
select a transmitter with sufficient power to allow the 
system to operate satisfactorily at the maximum alti- 
tude the aircraft is expected to attain. Since the return 
signals for Doppler radars are reduced by 6 db each 
time the aircraft altitude is doubled (the received 
power varies inversely with the square of the altitude 
since the target fills the antenna beam width) and 
since microwave power is costly in terms of the weight 
and special techniques required-in airborne high 
voltage supplies, the transmitter should be chosen for 
sufficient but not excessive power output. 

Either pulse or CW transmission techniques may 
be employed by the radars associated with Doppler 
navigators, the basic difference between the two tech- 
niques being in the method used for duplexing (using a 
single system for two separate functions) transmitter 
and receiver functions. Pulse radars transmit micro- 
wave energy in bursts and receive reflected energy in 
between these bursts. Thus the receiver is effectively 
turned off during transmitter operation and operates 
on reflected energy only between transmitted pulses. 
Duplexing is thereby accomplished in a time sense. 
The disadvantages of pulse transmission lie in the com- 
plexity required to make the system optimum for 
navigational purposes. 

CW radar systems transmit and receive microwave 
energy continuously and simultaneously. The equiva- 
lent of receiver-transmitter duplexing is accomplished 
in a space sense with most systems; i.e. separate re- 
ceiving and transmitting antenna systems are used. 
Obviously, for equivalent antenna beam widths, the 
CW system will therefore require greater aperture 
area in aircraft than the comparable pulse system. 
However, the simplicity of the CW system makes it 
very attractive when all factors are considered and 
compared with the relative complexity of the pulse 
system. A CW system possessing equal average power 
and antenna gain will yield the same range as a pulse 
system, especially when low transmitter power is used, 
as in Doppler navigator radars. 

The severely limited available aperture area is one 
of the many factors affecting the design of an antenna 
system for Doppler navigator radars. As outlined 
elsewhere in this paper, the greater the aperture the 


4 


more accurate the navigator. 

The antenna system can either be fixed to the air 
frame or it can be stabilized to the vertical and/or 
any particular velocity component or direction. With 
a vertically stabilized antenna the navigator may 
operate satisfactorily over a greater range of aircraft 
pitch and roll than could an antenna mounted rigidly 
to the aircraft. Stabilized antennas generally require 
larger apertures, however, and comparing the com- 
plexity, power requirements, and weight of the sta- 
bilized antenna with that of stabilizing the electrical 
equivalent of the aircraft component velocity vectors, 
the latter generally appears more attractive for air- 
craft application. The same accuracy can be obtained 
with either technique. 

The receiver selected for the radar can take many 
forms and either homodyne (zero frequency IF) or IF 
receivers can be, and are, applied in present equip- 
ments for fixed wing aircraft. The use of the IF receiver 
results in lower noise figures and can result in the use of 
lower transmitter power, but the selection, of course, 
depends upon the particular application. An IF re- 
ceiver is necessary when applied to helicopters, how- 
ever, since Doppler frequency sense must be retained 
(the velocity vectors can be in any direction) and sense 
is lost in a simple homodyne system. 

In listing the problems associated with receivers for 
Doppler radars it could be said that they are common 
to all airborne microwave equipments. There is a need 
for improvement in receivers, especially in microwave 
mixers. Also, there are not available today local oscil- 
lators which are entirely satisfactory for use in Doppler 
radars when applied to a variety of aircraft types. 

Once the significant Doppler frequencies have been 
detected and amplified to a satisfactory level, they can 
be converted to a convenient form to permit the 
computation of the desired information. The longi- 
tudinal, transverse, and normal velocities of the air- 
craft can be determined, or the total velocity vector 
can be determined and the navigational problem 
solved by means common to the navigator field. The 
Doppler navigator does offer an advantage over other 
velocity sensing elements in that the data is obtained 
normally in the frequency domain and, as such, is like 
F. M. radio in comparison to A. M. radio — less sub- 
ject to man-made and natural electrical disturbances. 

In the design of Doppler navigators there are a 
number of major problems to be considered: 

1) Problems Unique to Particular Aircraft Types 

In a fixed wing aircraft the longitudinal velocity 
component determines the sign of Doppler frequency 
in all antenna beams since its magnitude is considera- 
bly larger. under almost every condition than the 
magnitude of either the transverse or vertical velocity 
components. The minimum Doppler frequency en- 
countered during adverse flight attitude conditions 














(severe angles of attack for instance), maximum and 
minimum operational velocities, rates and magnitudes 
of perturbation, accuracy and altitude requirements 
are items that must be considered in the design of a 
Doppler radar for a particular type of fixed wing 
aircraft. 

Helicopters present an entirely different set of prob- 
lems, however. The three orthogonal velocity com- 
ponents of helicopters may be in any direction and 
simultaneously comparable in magnitude. In fact all 
the velocities might be zero during a hovering condi- 
tion. This presents a unique set of problems to a Dop- 
pler navigator in that Doppler frequency sense must 
be retained and operation to and through zero Doppler 
frequency must be realized. 

2) Sea Flow 

It is a known phenomenon that various parts of the 
sea can be in continuous motion, such as the flow evi- 
denced in the Gulf Stream and the Japanese Current. 
The motion of the water in these cases results in 
measurement errors of aircraft ground speed with a 
Doppler radar system. Since the direction and velocity 
of most ocean currents are known, however, it is possi- 
ble to manually or automatically provide the proper 
correction factors. 

3) Weather Effects 

An important consideration in the design of a Dop- 
pler system, primarily in the selection of the micro- 
wave frequency, is the effect of precipitation on the 
Doppler signal. Back scattering and attenuation of the 
microwave energy due to rain, snow, etc., can not 
only reduce the sensitivity of the radar but can reduce 
the precision of velocity measurement. 

4) Signal Fluctuations 

Because of the basic signal characteristics of the 
Doppler system, the instantaneous frequency it pro- 
duces fluctuates widely. The amount of fluctuation is 
determined by the spectrum band width, which in 
turn is proportional to the effective antenna beam 
width. Theoretically, a sufficiently narrow antenna 
beam width could be produced to limit the errors 
arising from signal fluctuations to insignificant levels. 
However, the design of the antenna system to accom- 


plish this would require more aperture area than the 
aircraft designer could permit. When a stalemate is 
reached on the available area, the usual method of 
resolving the problem is to sacrifice antenna beam 
width and provide more filtering of the output data, 
which does indeed reduce fluctuation errors. This 
cannot be accomplished, however, without an increase 
in acceleration errors aris'ng irom the inability of the 
system to respond rapidly to changing input velocity 
data. 

5) Earth References and Navigaiion Correction Factors 

In order to compute present position from the Dop- 
pler derived velocities, it is first necessary that the 
component velocities be transformed to an earth co- 
ordinate system. This transformetion is usually ac- 
complished in two steps. First, either the antenna 
system is stabilized with respect 40 the vertical or the 
velocity data is corrected for aircraft pitch and roll, 
both schemes using information from a vertical refer- 
ence system. The second step is to transform the 
stabilized velocity components into North-South and 
East-West velocities by using the true heading of the 
aircraft as the reference. Converse to errors in the 
vertical, Doppler navigators are characteristically 
dependent on errors in azimuth. A Doppler navigator 
can never be more accurate than the accuracy of the 
associated heading reference. If a magnetic compass is 
used for this purpose, compensation for magnetic 
variation must be included in the system. The com- 
pensation may be accomplished either automatically or 
manually. 

A Doppler system does not measure the velocity 
along the earth’s surface but rather the velocity with 
respect to scatterers on the surface. As a consequence, 
an altitude correction is usually included to correct 
for this phenomenon. Since the resulting error is of 
small magnitude (being proportional to the ratio of 
the altitude to the radius of the earth, a small ratio 
considering present aircraft capabilities), the accuracy 
of correction need not be particularly precise. Other 
corrections are also usually included in Doppler navi- 
gation systems to compensate for the oblateness of the 
earth and for the convergence of the lines of longitude. 
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narrow antenna beams are desired, the higher the fre- 
quency of the transmitter the narrower the antenna 
beams for the same aperture area. There are other im- 


portant factors which affect the selection of the 
transmitter, such as the variation of reflection proper- 
ties of the land and water and the variation of weather 
effects on propagation for different frequencies. Be- 
cause of the dependence of the Doppler frequency on 
transmitter wavelength, the transmitter must have 
good frequency stability, even under the adverse en- 
vironmental conditions prevalent in most aircraft. 

For the optimum system the designer must also 
select a transmitter with sufficient power to allow the 
system to operate satisfactorily at the maximum alti- 
tude the aircraft is expected to attain. Since the return 
signals for Doppler radars are reduced by 6 db each 
time the aircraft altitude is doubled (the received 
power varies inversely with the square of the altitude 
since the target fills the antenna beam width) and 
since microwave power is costly in terms of the weight 
and special techniques required-in airborne high 
voltage supplies, the transmitter should be chosen for 
sufficient but not excessive power output. 

Either pulse or CW transmission techniques may 
be employed by the radars associated with Doppler 
navigators, the basie difference between the two tech- 
niques being in the method used for duplexing (using ¢ 
single system for two separate functions) transmitter 
and receiver functions. Pulse radars transmit micro- 
wave energy in bursts and receive reflected energy in 
between these bursts. Thus the receiver is effectively 
turned off during transmitter operation and operates 
on reflected energy only between transmitted pulses. 
Duplexing is thereby accomplished in a time sense. 
The disadvantages of pulse transmission lie in the com- 
plexity required to make the system optimum for 
navigational purposes. 

CW radar systems transmit and receive microwave 
energy continuously and simultaneously. The equiva- 
lent of receiver-transmitter duplexing is accomplished 
in a space sense with most systems; i.e. separate re- 
ceiving and transmitting 
Obviously, for equivalent 


antenna systems are used. 
antenna beam widths, the 
CW system will therefore require greater aperture 
area in aircraft than the comparable pulse system. 
However, the simplicity of the CW system makes it 
very attractive when all factors are considered and 
compared with the relative complexity of the pulse 
system. A CW system possessing equal average power 
and antenna gain will yield the same range as a pulse 
system, especially when low transmitter power is used, 
as in Doppler navigator radars. 

The severely limited available aperture area is one 
of the many factors affecting the design of an antenna 
system for Doppler navigator radars. As outlined 
elsewhere in this paper, the greater the aperture the 





more accurate the navigator. 

The antenna system can either be fixed to the air 
frame or it can be stabilized to the vertical and/or 
any particular velocity component or direction. With 
a vertically stabilized antenna the navigator may 
operate satisfactorily over a greater range of aircraft 
pitch and roll than could an antenna mounted rigidly 
to the aircraft. Stabilized antennas generally require 
larger apertures, however, and comparing the com- 
plexity, power requirements, and weight of the sta- 
bilized antenna with that of stabilizing the electrical 
equivalent of the aircraft component velocity vectors, 
the latter generally appears more attractive for air- 
eraft application. The same accuracy can be obtained 
with either technique. 

The receiver selected for the radar can take many 
forms and either homodyne (zero frequency IF) or IF 
receivers Can be, and are, applied in present equip- 
ments for fixed wing aircraft. The use of the IF receiver 
results in lower noise figures and can result in the use of 
lower transmitter power, but the selection, of course, 
depends upon the particular application. An IF re- 
ceiver is necessary when applied to helicopters, how- 
ever, since Doppler frequency sense must be retained 
(the velocity vectors can be in any direction) and sense 
is lost in a simple homodyne system. 

In listing the problems associated with receivers for 
Doppler radars it could be said that they are common 
to all airborne microwave equipments. There is a need 
for improvement in receivers, especially in microwave 
mixers. Also, there are not available today local oscil- 
lators which are entirely satisfactory for use in Doppler 
radars when applied to a variety of aircraft types. 

Once the significant Doppler frequencies have been 
detected and amplified to a satisfactory level, they can 
be converted to a convenient form to permit the 
computation of the desired information. The longi- 
tudinal, transverse, and normal velocities of the air- 
craft can be determined, or the total velocity vector 
can be determined and the navigational problem 
solved by means common to the navigator field. The 
Doppler navigator does offer an advantage over other 
velocity sensing elements in that the data is obtained 
normally in the frequency domain and, as such, is like 
F. M. radio in comparison to A. M. radio — less sub- 
ject to man-made and natural electrical disturbances. 

In the design of Doppler navigators there are a 
number of major problems to be considered: 

1) Problems Unique to Particular Aircraft Types 

In a fixed wing aircraft the longitudinal velocity 

component determines the sign of Doppler frequency 


in all antenna beams since its magnitude is considera- 
bly larger under almost every condition than the 
magnitude of either the transverse or vertical velocity 
components. The minimum Doppler frequency en- 
countered during adverse flight attitude conditions 








(severe angles of attack for instance), maximum and 
minimum operational velocities, rates and magnitudes 
of perturbation, accuracy and altitude requirements 
are items that must be considered in the design of a 
Doppler radar for a particular type of fixed wing 
aircraft. 

Helicopters present an entirely different set of prob- 
lems, however. The three orthogonal velocity com- 
ponents of helicopters may be in any direction and 
simultaneously comparable in magnitude. In fact all 
the velocities might be zero during a hovering condi- 
tion. This presents a unique set of problems to a Dop- 
pler navigator in that Doppler frequency sense must 
be retained and operation to and through zero Doppler 
frequency must be realized. 

2) Sea Flow 

It isa known phenomenon that various parts of the 
sea can be in continuous motion, such as the flow evi- 
denced in the Gulf Stream and the Japanese Current. 
The motion of the water in these cases results in 
measurement errors of aircraft ground speed with a 
Doppler radar system. Since the direction and velocity 
of most ocean currents are known, however, it is possi- 
ble to manually or automatically provide the proper 
correction factors. 

3) Weather Effects 

An important consideration in the design of a Dop- 
pler system, primarily in the selection of the micro- 
wave frequency, is the effect of precipitation on the 
Doppler signal. Back scattering and attenuation of the 
microwave energy due to rain, snow, etc., can not 
only reduce the sensitivity of the radar but can reduce 
the precision of velocity measurement. 

4) Signal Fluctuations 

Because of the basic signal characteristics of the 
Doppler system, the instantaneous frequency it pro- 
duces fluctuates widely. The amount of fluctuation is 
determined by the spectrum band width, which in 
turn is proportional to the effective antenna beam 
width. Theoretically, a sufficiently narrow antenna 
beam width could be produced to limit the errors 
arising from signal fluctuations to insignificant levels. 
However, the design of the antenna system to accom- 


plish this would require more aperture area than the 
aircraft designer could permit. When a stalemate is 
reached on the available area, the usual method of 
resolving the problem is to sacrifice antenna beam 
width and provide more filtering of the output data, 
which does indeed reduce fluctuation errors. This 
cannot be accomplished, however, without an increase 
in acceleration errors arising from the inability of the 
system to respond rapidly to changing input velocity 
data. 

5) Earth References and Navigation Correction Factors 

In order to compute present position from the Dop- 

pler derived velocities, it is first necessary that the 
component velocities be transformed to an earth co- 
ordinate system. This transformation is usually ac- 
complished in two steps. First, either the antenna 
system is stabilized with respect to the vertical or the 
velocity data is corrected for aircraft pitch and roll, 
both schemes using information from a vertical refer- 
ence system. The second step is to transform the 
stabilized velocity components into North-South and 
East-West velocities by using the true heading of the 
aircraft as the reference. Converse to errors in the 
vertical, Doppler navigators are characteristically 
dependent on errors in azimuth. A Doppler navigator 
‘an never be more accurate than the accuracy of the 
associated heading reference. If a magnetic compass is 
used for this purpose, compensation for magnetic 
variation must be included in the system. The com- 
pensation may be accomplished either automatically or 
manually. 

A Doppler system does not measure the velocity 
along the earth’s surface but rather the velocity with 
respect to scatterers on the surface. As a consequence, 
an altitude correction is usually included to correct 
for this phenomenon. Since the resulting error is of 
small magnitude (being proportional to the ratio of 
the altitude to the radius of the earth, a small ratio 
considering present aircraft capabilities), the accuracy 
of correction need not be particularly precise. Other 
corrections are also usually included in Doppler navi- 
gation systems to compensate for the oblateness of the 
earth and for the convergence of the lines of longitude. 
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Figure 2. Simplified Block Diagram of a Doppler Navigator. 











There are two general categories or types of field 
service dealing with the problems of government 
equipments today: service of a general nature and 
service on specific equipment. The first type performs 
a valuable function for the military in furnishing large 
numbers of technical representatives to work on a 
wide variety of electronic apparatus. (The variety of 
equipment is so great, however, that many of these 
people can never hope to achieve more than a moderate 
general competency. Nevertheless, this type of service 
has made noteworthy contributions to electronic pro- 
grams in training, operation and ground maintenance 
where skilled military personnel were not available.) 
The second type of service for government agencies 
comes from that specialized group of highly-skilled field 


engineers furnished principally for du! y on equipments 
manufactured by the parent comm oony Raytheon’s 
Government Service Division is genera |y in this latter 


category. 

The practice of furnishing skilled manufacturer’s 
field representatives to take care of all the require- 
ments of specialized complex equipments is in a 
minority in contract engineering service. Bringing in 
equipment specialists has proved its merit in so many 
cases, however, that certain areas of governmental 
activity now make it a strict point to requisition this 
type of assistance. 

The virtues of the manufacturer’s representative 
type of field service readily display themselves to both 
the customer and the equipment manufacturer in the 
following areas: 

1. The manufacturer’s service engineer through his 
training and background with the company has a 
thorough knowledge of the overall capabilities of 
a particular piece of equipment and he is also 
intimately aware of its design limitations. Being 
acquainted with both the customer and his own 
parent organization, he is in a position to demon- 
strate these capabilities and limitations to the 
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areas of activity where it will do the most good. 

2. Being in the actual area where the equipment 
goes into service, the manufacturer’s service engi- 
neer is on hand to advise on particular installation 
problems and is in a position to counsel the cus- 
tomer’s representatives in the use, maintenance 
and repair of the equipment as necessary. 

3. The manufacturer’s service engineer is the logical 
person to feed back to the parent factory day-to- 
day history of the equipment’s performance 
under its unique field conditions. The engineering 
and manufacturing departments then review that 
information in order to achieve maximum reli- 
ability and ease of maintenance. 

4. He provides the customer with fast and direct 
liaison for procurement of repair parts not in the 
supply system, and for those that may be re- 
quired under a warranty arrangement. 

5. Where improvements in maintainability and re- 
liability are desirable, the field engineer is in the 
best position to make primary installations of 
modifications, thereby testing their feasibility 
and completeness under less than ideal conditions. 
Contract Engineering of both types, as we know it 

today, had its beginning in the early days of World 

War II when highly complex electronic equipment 

began to appear in the military organizations. Because 

large numbers of men were drawn into the service for 
war duty, the training facilities were totally inadequate 
to teach them the rudiments of operating and main- 
taining the new radar and sonar equipments then 
being installed. The government, therefore, turned to 
the equipment mawufacturers to recruit field organiza- 
tions to keep the equipment in operation when it was 
vitally needed. Raytheon and Submarine Signal’s 
field organizations came into being in 1942 after both 
of these companies had begun production on radar and 
sonar equipments for the Navy. Between the two 




















companies, nearly 500 men were at military installa- 
tions all over the world, many of them in combat 
areas, maintaining equipment and training military 
personnel in its usage. 

The end of World War II brought drastic reductions 
in this work, simply because the critical need had 
passed by. Nevertheless, a small group of these people 
continued. Following the merger of Submarine Signal 
Company with Raytheon, the furnishing of contract 
field service to the government took an upswing and 
has been growing ever since. Besides contract service 
by factory-trained equipment specialists, the govern- 
ment, recognizing the necessity for factory service, 
particularly in the evaluation of prototype equipments 
and the monitoring of early production equipments, 
has begun the practice of writing service clauses into 
some development and production contracts. This is a 
new phase of field service that can be expected to in- 
crease with the over-all complexity of electronic 
equipments. 

An equipment specialist who can train military and 
civilian personnel in the use, maintenance and repair 
of equipment is of great importance in the area of 
ultimate customer satisfaction. The field engineer 
instructing the customer’s representatives is in a posi- 
tion to impart more intimate knowledge of the equip- 
ment capability than the instructor who has gleaned 
his knowledge from a general technical background 
and only brief acquaintanceship with the equipment. 
There are many instances on record where instructors 
not closely associated with a certain equipment have 
provided students with misleading and even erroneous 
information. A number of years ago it was learned 
that some instructors were telling their students that 
the moving target indicator built into the transporta- 
ble Raytheon AN/TPS-1D surveillence radar equip- 
ment could not be made to work, simply because the 
instructors themselves were not acquainted with MTI 
adjustment procedures and the usefulness of this fea- 
ture in tracking moving targets. 

In another complaint, namely of the low power 
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capability of the AN/PRC-6 handy-talkie communi- 
cations equipment, it became apparent to the field 
representatives that, because of certain peculiar re- 
quirements, the military personnel were attempt- 
ing to use the equipment at a range much longer than 
it was ever designed for. When the capability of the 
equipment was explained, its tactical use was limited 
to the proper range. 

The manufacturer’s field engineer on contract to the 
military is a man who essentially wears two hats. He is 
responsible to the military organization where he is 
assigned; at the same time, he is responsible for fur- 
nishing his home factory with an accurate picture of 
what is occurring in the field. The field engineer fur- 
nishes a complete history of the operations, the casual- 
ties that occur, and the conditions under which they 
occur. With the growing emphasis on this systematized 
failure reporting, the over-all effectiveness of the 
equipment can be kept at a top level all of the time. 

One thing that the field engineer has learned is that 
the human environment surrounding equipment is, in 
many cases, the dominant cause of equipment un- 
reliability. This makes him directly responsible for 
improving the situation: first, through his own train- 
ing efforts, and second, by constantly feeding the fac- 
tory information so that, wherever possible, equip- 
ment can be modified to rule out human failures as 
significant factors. 

By providing field engineers to help his customers 
obtain more efficient service from equipment, the 
manufacturer not only creates an area of increased cus- 
tomer satisfaction, but also builds a pool of systems 
engineers for a future design and manufacturing staff. 
In some areas the evolution of systems engineers 
through several years of field experience is considered 
highly desirable from the manufacturer’s standpoint. 

The field engineer is exposed to a wide variety of 
equipment, not only made by his own company but 
also by many other manufacturers. He observes equip- 
ment used in environments and subjected to treatment 
never envisioned by the original specifications. His 
areas of responsibility include modification, improvisa- 
tion and sometimes redesign to meet the demands of 
current use. The field engineer learns sales engineering 
through necessity because of the natural human re- 
sistance to change and reluctance to readily accept 
something new. 

Armed with this experience, plus a solid technical 
background, the field engineer is an ideal candidate to 
be given greater responsibilities in design areas and to 
spread his recently acquired knowledge of field condi- 
tions in company areas that have not had the oppor- 
tunity to closely observe field problems. His concepts 
are of over-all systems, rather than being confined to 
unit or assembly operation. Through expanded utiliza- 
tion of these valuable qualities, everyone, customer 
and manufacturer alike, ultimately benefits. 
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